In an experimentally simple replica process, the natural flatness of mica or polished silicon wafers can be transferred to metal films, resulting in metal surfaces with topographic features in Angstrom dimensions over large areas. Two decades after its invention, the template-stripping process continues to appeal to scientists from diverse research backgrounds primarily due to its simplicity, costeffectiveness and ability to yield high quality substrates and structures. This article introduces the basic construction process for template-stripped substrates, and reports on a variety of extensions of the process, including the generation of materials contrasts and the design of tailored topographies. It also highlights the use of such substrates in a variety of research fields in nanoscience and technology ranging from surface force measurement and high definition imaging to the self-assembly of model membranes and plasmonics.
Introduction
Research and technology are continuously pushing towards the nanoscale, with more and more applications exploiting the special properties of ultrathin films, assemblies of molecular monolayers and even molecules themselves. Self-organization of molecules into functional superstructures is one of the key processes for the realization of state-of-the-art devices.
In order to investigate, characterize and use surface bound processes and assemblies at the nanoscale, extremely smooth substrate surfaces are required. In general, the roughness of the surface needs to be of smaller dimensions than those of the molecules or structures under investigation, in order to guarantee reliable measurement conditions or device performances. For example, the imaging of molecules or molecular assemblies using Atomic Force Microscopy (AFM) or Scanning Tunneling Microscopy (STM) requires smooth surfaces to yield accurate height information. [1] [2] [3] Similarly, the measurement of surface forces is extremely sensitive to substrate inhomogeneities.
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The assembly of functional superstructures is another example where smooth substrate properties are essential. The formation of solid supported lipid membranes to study membrane related processes requires a well-ordered assembly of phospholipid molecules. [5] [6] [7] Similarly, monolayer-based devices, e.g. in optoelectronical applications, depend on the extended stacking of molecules with high precision therefore demanding substrates with a roughness basically smaller than the dimensions of the molecules. 8 The choice of such smooth surfaces however is limited. Several materials inherently possess extremely smooth surfaces. Prominent examples are silicon wafers that can be polished along their crystal axis or the silicate mica, consisting of layered structures that can be cleaved individually yielding atomically flat substrates. Unfortunately, the insulating character of these materials impedes their use as substrates for electrochemical investigations or STM. For such applications, conducting and chemically relatively inert gold surfaces are ideal. Additionally, the strong binding of thiol moieties to gold offers easy access to various surface modifications. However, since gold films typically grow under the formation of islands, the roughness of such films is usually too high.
For various nanotechnological applications, the combination of the flatness of mica or silicon with the materials properties of gold is highly desirable. Following a process originally utilized to embed biomolecules into carbon film by Butt, 1 Butt 2 and Hegner 3 transferred the methodology to gold films in 1993 to come up with a template stripping process to transfer the low surface roughness of mica to a gold surface. The basic principle and some recent applications of this process will be reviewed in this article. The process has started to attract attention from a wide field of nanotechnology related applications due to its simplicity, robustness and precision in substrate engineering with an increasing number of substrate materials that can be applied. First, the 'classical' template stripping process, leading to homogeneous, ultrasmooth metal films is examined in detail and refinements of the technique with respect to accessible surface materials, bonding techniques and mechanical supports are introduced. Then, more sophisticated processes leading to patterned, ultrasmooth substrates are presented. Chemical patterning, leading to topography-less substrates consisting of two different surface materials that are smoothly connected to form a homogeneous surface has been shown to be an interesting approach to create nanoscale patterns of self-assembled monolayers. Physical patterning, leading to homogeneous, ultrasmooth metal films with defined topographies is another recent development towards functional, high quality metal films that can be used for example for low-loss plasmonic applications.
In the last part, various applications of template stripped surfaces are presented to highlight the high precision and versatility of the process.
Preparation of smooth homogeneous metal films
The Template Stripping (TS) process is schematically shown in Fig. 1 using gold as an example to create an ultra-flat surface. A template is used to produce a homogeneous, ultra-flat gold film. First, a thin gold film is deposited onto the smooth template surface. Thermal evaporation or sputtering processes usually lead to relatively rough surfaces. Subsequently, an adhesion layer is added on top of the gold surface to attach a solid support (typically a glass slide) onto the gold layer. Typically, two component, thermally curable epoxy resins are used as the adhesion layer. Finally, the sandwich structure can be mechanically cleaved at the point of weakest adhesion. Due to the lattice mismatch between gold and the template material, the cleavage will occur at the Si-Au interface, leading to the release of the gold interface with a roughness similar to the template.
The process allows for the preparation of extremely smooth gold surfaces over large areas. Compared to commercially available Au[111] substrates or flame annealed substrates with atomically flat gold terraces, the TS procedure yields substrates of arbitrary large areas only limited by the dimensions of the template material. The surfaces are not atomically flat, but rather present a smooth, amorphous surface without any terraces or steps. An attractive additional benefit is the ability to store the sandwiched structures without inducing damage or contamination to the gold surface as the latter is hidden in the sandwiched layers without being exposed to ambient conditions. A fresh gold surface can be cleaved on demand from the sandwiched precursor. As metal surfaces are known to get contaminated easily in environmental conditions by oxygen, thiol compounds or hydrocarbons, 10,11 the on-demand cleavage can be of crucial importance for reliable high precision measurements on Fig. 1 Schematic illustration of the template stripping process with gold as a material's example. Onto a naturally flat template, a thin gold film is thermally evaporated. A mechanical support is glued onto the gold film. Cleavage can be induced at the weakest point of adhesion between gold and the template, leading to a gold surface with a roughness comparable to the template. surfaces. 12 Additionally, large areas of extremely flat metal surfaces can be reliably generated in a cheap and straightforward fashion, thus making the process interesting for industrial applications as well; especially with templates that can be dissolved in the course of the process.
Since the first reports by Butt 1,2 and Hegner, 3 the TS procedure has been significantly extended with respect to the type of metal used, template materials as well as bonding techniques elaborated to overcome swelling and dissolution of impurities of the epoxy-resins when immersed in organic solvents.
Templates
Mica was the first material to be used as a template. It provides an atomically flat surface, which can be prepared by cleavage. However, its layer structure can induce problems during mechanical stripping as individual sheets of mica may not be removed during the delamination of the template.
13,41,83 A significant advantage towards reliable, large scale production of pure gold films came from the use of polished silicon wafers as templates.
14 With roughness comparable to mica, the mechanical stability of the wafer allows for the reliable stripping of the metal film without the risk of surface contaminations by traces of the template material. Therefore, the silicon wafer based template stripping method has become the standard technique in template-stripping based applications. 5, 7, 8, 15 Another benefit of using silicon as template material is the possibility to create patterns in the template by micromechanical engineering, thus leading to a physically patterned gold surface after cleavage. 16 As an alternative to silicon, the use of gypsum was proposed. Gypsum can be cleaved easily at its [010] plane and offers a similarly smooth surface as silicon or mica. 17 In contrast to the latter, the gypsum template can be removed by immersion in water without application of mechanical separation forces.
17
An improvement of the quality of template stripped gold film in terms of avoiding pinholes 18 and an increase in grain sizes has been reported for flame-and thermally annealed gold films.
19
However, from the experience of the authors, no pinholes were found in template stripped gold films prepared without flame annealing. Naturally, difficulties arise when cleaving materials with a high adhesion to the template material of choice. It has been shown that the introduction of a very thin passivation layer can significantly reduce the adhesion, thus leading to rupture at the desired interface. Using a very thin layer of carbon allowed the successful cleavage of titanium dioxide and silicon dioxide from mica 22 while the presence of a single layer of methyl groups introduced by self-assembling hexamethyldisilazane on a silicon wafer provided enough passivation to induce rupture between the silicon wafer and silicon dioxide.
15,43
Surface materials
Initially developed for gold, the TS procedure has been extended to a wider range of materials that can be cleaved from a template. Several and nickel. 13 The process has also been used with inorganic and organic materials such as titanium dioxide, 22 carbon, 23 and polyaryletherketon. 24 The variety of materials that have been successfully applied demonstrates the versatility of the approach. In general, the key requirement to prepare a template-stripped replica surface from an arbitrary material is to generate an interface with the lowest adhesion between template and surface material. The wide range of available template materials paired with the possibility to passivate the wafer by silanization opens various options to tune the adhesive properties in the system and leaves plenty of opportunities to extend the range of accessible materials according to a desired application.
Binding layer, mechanical support and separation protocols
Traditionally, epoxy resins have been used as adhesion layers to glue the metal film to a solid substrate. However, if the template stripped substrate is to be immersed in organic solvents, especially THF or toluene, partial swelling and dissolution of the epoxy film might compromise the smoothness of the film. Wagner et al. 9 made a survey of commercially available glues and developed protocols for the successful application of different epoxy based glues (Epo-tek 377 and Epo-tek 301-2) as well as dental (Panavia 21) and inorganic adhesives (Cerastil C7). Weiss et al. reported the successful use of UV curable adhesives. 12 The molecular adhesion between gold and thiol molecules was used to bind the gold layer on a PDMS substrate modified with mercapto-silane moieties as a SAM-based adhesive.
25
Finally, the use of an adhesive layer can be completely avoided by using cold welding processes to directly bind the gold layer at elevated temperature and pressure to a second gold layer attached via a chromium or titanium adhesion promoter to a glass substrate. 11, 26 Similarly, electroplating a nickel support layer onto the gold can allow for template stripping the metallic film from the wafer template without any additional adhesive layer. 20, 27 Recently, a process modification has been reported that uses a silica precursor solution (''liquid glass'') as the mechanical support.
86 A chromium layer is evaporated onto the thermally evaporated gold film and plasma treated to enable wetting with the aqueous silica precursor solution. After curing at elevated temperatures, rupture is induced by bending the mica-template.
Overall, three distinct material classes have successfully been employed as supports. Traditionally, glass or Si-wafers have been used. [1] [2] [3] 9 The second class includes metallic supports which can be used to design conducting substrates via electroplating of nickel 20, 27 or gluing the film to a low melting solder that can be cast onto the gold film.
12 Thirdly, bendable template stripped metal films have been prepared using elastomeric PDMS substrates as mechanical support. 12, 25 It has been demonstrated that mechanical bending of the substrate slightly increases the roughness of a template stripped Ag film. However, even after bending, the roughness was still below values measured on thermally evaporated films.
12
The separation of the template-gold interface can be achieved mechanically, typically by applying a razor blade to the edges of the sandwich structure. 12 An alternative is the chemical separation method that cleaves mica by immersion of the sandwich structure into thiol containing ethanolic solutions. The thiols can intercalate into the mica sheets and thus reduce the binding to the gold. 28 The procedure has been shown to be also applicable to silicon templates.
Characterization of template stripped surfaces
Template stripped surfaces are usually characterized using AFM or STM. In comparison to thermally evaporated gold, the surface of template stripped gold shows a significantly reduced roughness (Fig. 2) . Fig. 2 shows AFM height images of a thermally evaporated (a) and a template stripped gold film (b) prepared from a silicon wafer template. 29 The island growths of gold during the evaporation process led to distinct gold domains resembling a hilly landscape. In contrast, the template stripped surface appears much smoother (please note the different z-scale) and the lack of grain structure is visible. The different morphology is further highlighted by line scans along the black line shown in the AFM images ( Fig. 2c and d) . A quantitative analysis of the AFM images shows an RMS roughness of 1.45 nm for the thermally evaporated gold film and 0.20 nm for the template stripped sample. The maximum peak-to-valley distances in the line scan are 7.4 nm and 1.1 nm, respectively. 29 Similar results have been obtained for several different metals (Ag, Au, Pd and Pt) (Fig. 2e ).
12
A detailed STM analysis comparing single crystalline Pt [111] and template stripped platinum showed that the latter consisted mostly of [111] facets and features of smaller domain sizes compared to the single crystalline surface. Nevertheless, the single crystalline sample featured more extended terrace structures that led to a higher total roughness than the template stripped sample. 30 In a detailed analysis on the stripping procedure, Borukhin and Pokroy recently demonstrated that the mechanical stress during the stripping procedure induces deformation defects in the gold film close to the stripping plane that could be prevented by using solvent assisted cleavage.
31
Compared to thermally evaporated films, it has been shown that template stripped silver films possess much larger grain sizes. 8 Recently, it was shown that thermal annealing can be used to significantly enlarge the crystallite sizes to produce samples with grain sizes extending up to square micrometers. 31 Care has to be taken to passivate the silicon wafer template prior to annealing to prevent diffusion of silicon atoms into the gold.
Preparation of patterned, ultrasmooth surfaces
In recent years, the template stripping procedure has been extended in order to produce laterally structured sample surfaces. Two distinct approaches have been developed. Chemically patterned samples consist of different materials that merge homogeneously into an ultra-smooth film without any surface topography. In contrast, physically patterned samples consist of one single material but feature topographies by pre-patterning of the template material. Both approaches have enabled the template stripping process to be applied in a variety of different applications (see below).
Chemical patterning: generation of material contrast
The original TS process leads to homogeneous metal films. However, various applications require heterogeneously structured samples. This includes distinct materials regions, for example electrodes surrounded by insulating parts or patterned functional compounds such as self-assembled monolayers. A variety of approaches to pattern self-assembled monolayers into superstructures have been proposed using microcontact printing [32] [33] [34] or lithographic patterning of photosensitive silane molecules. [35] [36] [37] However, if different parts of the substrates are to be addressed individually, the substrate itself has to be structured.
The combination of patterning processes with the TS protocols enables the preparation of ultrasmooth substrates that feature different surface materials and can thus be used for the site-selective self-assembly of functional molecules. Such a substrate allows for a very precise arrangement of multifunctional monolayers on substrate regions with defined materials properties, for example electrodes or insulators. The self-assembly of the different molecules will not be affected by surface topographies, enabling device applications that exploit the properties of single molecular layers.
Colloidal lithography, where a colloidal monolayer serves as an evaporation mask, has been recognized as a cheap and efficient method to produce large patterned areas of nanostructures in a highly parallel fashion.
38-40
Frey et al. 41, 42 combined colloidal lithography on a mica template with a stripping process to produce laterally patterned surfaces comprised of different combinations of Au, Ag, Al and SiO 2 as surface materials but reported difficulties with mica residues on their substrate. A modification of the process reported by Vogel et al. 15, 43 makes use of a silicon wafer template for the heterogeneous patterning process. 43 The process is schematically shown in Fig. 3 . 15 The silicon wafer template is modified with hexamethyldisilazane to form a methyl monolayer that reduces the adhesion between the wafer template and silicon dioxide, which is evaporated in a later step of the process. A colloidal monolayer is assembled on the passivated wafer and thin layers of gold (50 nm) and chromium (<2 nm) are evaporated ( Fig. 3a and b) . The chromium layer serves as an adhesion promoter to silicon dioxide that is deposited in a second evaporation step after removal of the colloid mask ( Fig. 3c and d) . Finally, a glass slide is glued onto the modified template wafer using an epoxy glue. Mechanical cleavage removes the template wafer and reveals a laterally patterned, ultrasmooth surface composed of gold nanotriangle arrays embedded in a silicon dioxide matrix ( Fig. 3e and f) . The two different substrate materials enable the selective modification of surface regions by thiol and silane chemistry. Furthermore the combination of conductive and insulating material allows for an electric addressing of designed surface regions.
The obtained surface has been characterized by AFM (Fig. 4) . While the height image does not show any surface topography, a clear phase contrast due to the different hardness of the goldand silicon dioxide surface regions can be seen. On a size of 25 mm 2 , an RMS roughness of 0.21 nm has been found, in excellent agreement with values reported for pure gold films. 43 The low roughness that is comparable to plain template stripped gold (compare Fig. 2b and d) is further underlined by a line scan along the black line of the height image shown in Fig. 4c . The maximum peak-to-valley difference is 0.8 nm.
43
The possibility to create defined monolayer domains at nanoscale dimensions is shown in Fig. 4d and e. It shows an AFM height image of a chemically patterned substrate with gold nanostructures that were selectively modified with hexadecanethiol. A line scan (Fig. 4e) shows the accurate grafting of the monolayer selectively on the gold nanopatches. The thiol monolayer height was measured to 1.5 nm, in complete agreement with the theoretical height. 43 Furthermore, a double functionalization of both silicon dioxide and gold patches was performed and visualized using a wettability contrast in micronsized domains produced by using a TEM grid as a mask for patterning. The wettability pattern produced by cooling the sample to condense water onto the surface is shown in Fig. 4f . The gold regions (bright in the impinging illumination on the left side; dark in the transmission image of the right side) were turned hydrophilic by a hydroxyl thiol and feature big water droplets. The silicon dioxide part was rendered hydrophobic by an alkyl silane and showed very limited water condensation.
Adding additional sputtering deposition processes in colloidal lithography leads to nanostructures with larger sizes compared to thermal evaporation due to the less directed nature of the sputtering process. This has been used to combine the two metal deposition techniques with the template stripping procedure in order to produce ternary surface structures consisting of gold, titanium and cobalt surface regions with nanometer dimensions.
44
The demonstration of successful combinations of colloidal lithography with the TS procedure has to be seen as an important extension to both processes. It enables the creation of a wide range of surface embedded, ultra-smooth surface structures to suit any application aiming at a precise positioning of functional molecule arrangements on tailored surfaces.
Since the first report on colloidal lithography to create arrays of gold or silver nanotriangles, 45, 46 the field has been rapidly expanding and research efforts have led to an increase in the method's versatility. 38, 39, 47 Especially the use of more complex colloidal arrangements such as binary 48 in detail. Furthermore, different surface materials such as magnetic compounds 55, 56 have been created. More recent processes also allow for the preparation of extremely small nanoparticle arrays, by the application of metal-complex precursor filled colloidal particles.
57-60
The large variety of available surface structuring protocols for various structures and materials has yet to be combined with template stripping procedures. In the future, an increase in applications aiming at the combination of ultra-smooth and high quality metal surfaces with a tailored design of nanostructures is anticipated.
Physical patterning: generation of defined topographies
A novel, conceptually different approach to obtain patterned, ultra-smooth surfaces by the template stripping procedure is illustrated in Fig. 5 . A pre-patterned silicon wafer featuring the negative of the desired structures can be applied as template material.
16,61-63
The pattern is written into the silicon wafer employing standard nanofabrication techniques such as photo-or electronbeam lithography or a focused ion beam (Fig. 5a) . A continuous gold film is subsequently evaporated onto the wafer template (b), glued on a backing layer (c) and mechanically cleaved from the wafer template. The inverse of the structural features of the wafer template is transferred on the template stripped surface (d). If the depth of the structures is deeper than the thickness of the evaporated gold, discontinuous films result after stripping (d, left structure). The silicon mold can be re-used. The possibility to create well-defined structures in a silicon wafer due to differences in etching rates of different facets of the silicon crystal allows for the preparation of very smooth, high quality nanoscale features after template stripping. Fig. 5e-l illustrates examples from the recent literature. Nagpal et al. demonstrated stripping of arrayed objects such as nanohole films (e), pyramids (f) or concentric rings termed bull's eye structures (g). 16 The nanohole arrays are an example of a discontinuous gold film prepared by milling deep holes into the wafer. Subsequent gold evaporation will not be sufficient to form a continuous film on the wafer. After stripping, the holes milled into the wafer will be transferred to holes in the template stripped surface.
Zhu et al. fabricated differently shaped plasmonic nanocavities consisting of defined silver nanostructures arranged in a way as to form a cavity in their middle. 63 This cavity can be triangular shaped (Fig. 5h) , round (i), or a whispering gallery structure (j). A further increase in versatility of the template stripping process was achieved by the introduction of nanoscale features above the silicon wafer template. The fabrication of freestanding nanoscale grooves were reported by Lindquist et al. who visualized a clear distinction between the rough (evaporated) side of the freestanding film (Fig. 5k) and the template stripped, smooth side (Fig. 5l) .
62 By a combination of focused ion beam milling with deposition of platinum nanostructures onto the template wafer, the fabrication of ultra-flat gold surfaces with simultaneous concave and convex features became feasible.
62
The template stripping process also allows for the embedding of dielectric cavities into an ultra-flat metal film as demonstrated by Kho and co-workers. 64 Such high quality metal nanostructures find applications in modern plasmonics as their low surface roughness effectively prevents losses from undefined hotspots on the sample surface. Examples will be introduced in the next chapter.
Applications Imaging and investigation of surface deposited objects
Template stripped substrates are ideal to visualize and investigate nanoscopic objects deposited onto a surface. A typical example is the investigation of self-assembled monolayers. When the roughness of the interface is significantly smaller than the dimensions of the deposited structures, structural details can be easily monitored. As an example, the orientation of alkanethiols on silver and gold surfaces has been determined using Raman spectroscopy. 65 Typically, a template stripped surface can be used as a baseline measurement to investigate the effect of surface roughness on the assembly process and on structural parameters of the assembled monolayer. [66] [67] [68] [69] Additionally, the effect of the surface topography on the permeability of surface films has been investigated. 8, [70] [71] [72] In general, it has been shown that a smooth interface allows for a more defined layer deposition. Self-assembled monolayers on template stripped surfaces typically form more homogeneous and more ordered films.
8,73
The defect density is significantly reduced when compared to rougher surfaces. 8 This leads to films with higher electrical resistances and lower capacitances. The latter is important when the surface films are to be used in electronic applications, for example thin film transistors.
Besides self-assembled monolayers, smooth template stripped surfaces have been used to image and investigate a variety of biomolecules such as two-dimensional crystals of the plant lightharvesting complex, 23 other membrane proteins 74 and biomolecules such as DNA 2 or proteins.
75
Finally, template stripped surfaces have been used to characterize the atomic structures of metal films by using surface tunneling microscopy (STM). 27 The investigation also allowed for insight into the growth mechanism of metal films during formation.
30
Surface force measurements
Ultraflat surfaces are typically used to image objects of nanometer dimensions deposited on top of the surface. However, such surfaces are also useful to study other surface related effects, most prominently the investigation of various surface forces. For example, template stripped gold surfaces have been used to measure the Casimir force in air. 76 A smooth interface was crucial in order to accurately measure forces between the two surfaces at small separation distances. Smooth surfaces have also been employed to determine separation forces of different materials, for example gold and mica, 4 whereas before such measurements were limited to materials with naturally smooth interfaces. 77 The advantage of the smooth interface is that artifacts due to surface roughness can be excluded, mimicking a perfect plane much more accurately than a thermally deposited metal film.
More recently, template stripped gold surfaces have been used to measure gold/mica separation forces in solution.
23 By performing measurements in water and saline solutions, theoretical predictions from the DLVO about the interaction of changed surfaces were verified.
Structure generation
An ultra-smooth surface is also a prerequisite for the formation of nanoscopic surface architectures, which could find applications for example in microelectronics. Again, to produce functional devices with nanometer dimensions, the roughness of the surface should not exceed the dimensions of the structures. Template stripped titanium films have been used as a smooth platform for the controlled deposition of oxide structures (Fig. 6) .
21 By using scanning probe microscopy and applying voltage modulation the surface can be oxidized in certain areas, forming three dimensional surface nanostructures. A different approach has also used a template stripped gold surface as the smooth basis to grow three dimensional polyelectrolyte structures. Using microcontact printing and a layer-by-layer deposition technique, 69 different structures such as pillars, ridges and wells could be created with very high precision and resolution (Fig. 6b) . The creation of patterns of organic molecules with very high precision and feature sizes at nanoscale can be achieved by using AFM cantilevers. Dip-pen nanolithography 91, 92 uses thiols as inks that are deposited by the cantilever while nanografting techniques apply AFM cantilevers to scratch thiols off the surface at a spatially confined region. 89, 90 Both techniques are extremely powerful in the generation of structures. However, the visualization of such structures is comparably difficult as the roughness dimensions of the substrate often exceed the typical height of the organic molecules that are deposited. Templatestripped gold substrates have been successfully employed to directly visualize a variety of surface modification steps on nanografted substrates. Fig. 6c shows an example of DNA hybridization on a nanografted substrate. The line scans allow for a very clear observation of the hybridization event.
89 The confined placement of complex protein-based assemblies onto nanoscale surface patterns was demonstrated on template-stripped gold substrates as well (Fig. 6d) . 90 A monolayer of thiol-terminated polyethylene glycol was selectively removed and replaced by a positively charged thiol that allowed for selective binding of proteins. These were further used as a template to bind rabbit IgG and goat anti-rabbit IgC antibodies and antigens.
Solid supported membranes
In order to mimic the properties of a natural bilayer membrane and to study membrane related processes, solid supported model membrane systems have been established. In principle, these architectures consist of a lipid bilayer supported by a solid substrate, often mediated by an intermediate layer. These systems have been used to study fundamental membrane processes but serve also as a matrix to host membrane proteins for functional studies. In tethered bilayer lipid membranes (tBLMs), the inner membrane leaflet is attached to the solid support through a spacer equipped with an anchor group.
6,87,88
This has been shown to lead to an increased stability of the model system compared with free-floating membranes. 78 tBLMs also have been shown to provide an electrically insulating matrix, suitable for the incorporation and study of ion channel proteins. However, in order to assure highest electrical resistances, a smooth surface is essential. Template stripped gold electrodes have been proven to allow for the formation of tBLMs with electrical resistances similar to biological lipid membranes. dynamics in lipid membranes (Fig. 7) .
7 A substrate composed of silicon discs embedded in a gold film has been used. The gold areas have been functionalized with a tBLM using polymerizable anchor lipids, which were cross-linked by UV irradiation. When fluorescently marked lipids were fused with the cross-linked tethered monolayers, a homogeneous bilayer formed, effectively spanning the non-functionalized silicon discs. Using photobleaching techniques, the diffusion of the lipids in the outer membrane leaflet and the effective corralling of fluid lipids in the inner leaflet were observed. Fig. 7a shows the fluorescence recovery after the photobleaching experiment on the completed bilayer spanning both gold-and silicon dioxide parts of the patterned substrate. The fluorescence recovery of approximately 50% indicates the presence of a fully intact bilayer membrane with a fluid distal leaflet spanning over both gold and SiO 2 parts. When this distal leaflet was chemically bleached, no recovery after photobleaching was observed (Fig. 7b) , hence proving the complete absence of diffusion of lipids into the silicon dioxide discs that are corralled by the photopolymerized lipids. The heterogeneous substrate thus allowed for an effective patterning of solid supported membranes with high precision in nanometer dimensions.
7
Plasmonics
While most applications of the template-stripping process have been focused on the smooth nature of surface as a substrate material, it has only recently been recognized that metal structures with low surface roughness themselves possess intriguing benefits for optical and plasmonic applications. 16, 84 There are several key advantages of template-stripped gold films or nanostructures compared to their classical analogues produced by thermal deposition of noble metals. Ultrasmooth metal films effectively suppress losses of light by scattering at undefined hotspots of individual grains present in rough films and can therefore be used for high precision guiding and focusing of light inside the nanostructures. 61 By virtue of the same argument, the propagation lengths of surface plasmons are dramatically increased in low-loss template-stripped gold films. 16 It has also been shown that the refractive index sensitivity can be increased by eliminating surface roughness 79 and that the dielectric properties of template-stripped films are of significantly higher quality compared to thermally evaporated thin gold films. 29, 85 An additional, maybe more technical benefit of template stripped substrates is the possibility of extended storage and on-demand cleavage of samples.
Consequences for refractive index sensing
In a fundamental study on the influence of roughness in surface plasmon resonance (SPR) sensing experiments, Rueda et al.
showed that there are significant differences between a rough and a template-stripped gold film in terms of their dielectric properties. 29 In standard SPR sensing experiments, widely used for the investigation of (bio)molecule adsorption, 80 these differences are neglected as the gold film is modeled as a homogeneous entity. However, it was shown that even though large errors are made by ignoring the physical reality of heterogeneity of such a gold thin film in typical data treatment, the consequences in terms of accurate determination of the thickness of deposited dielectric thin films are usually very small. 29 An increase in sensitivity of a sensor platform based on surface plasmon resonances was reported by Im et al. for silver nanohole arrays. 79 It was found that nanohole arrays fabricated by template stripping from FIB engineered silicon wafer templates featured an increased refractive index sensitivity 67% higher than the rough, nanostructured silver films.
High quality nanostructures 1. Cavity modes. By creating pre-patterns of photoresist on the template wafer, Zhu et al. designed high quality ultra-flat metal nanostructures with a variety of shapes and feature sizes in the nanometer range and high aspect ratios (compare Fig. 5h-j) . 63 As a consequence of the high quality of the ultra-flat metal surfaces, these metal structures support multiple, very clearly resolved cavity modes that were visualized by mono-and polychromatic cathodoluminescence (CL) spectroscopy. Fig. 8 highlights cavity mode patterns present in an equilateral triangle plasmonic cavity structure. The CL images, shown in Fig. 8a -c directly visualize the emitted photon density of three different plasmonic modes inside the nanocavity that relate well to the simulated patterns shown in Fig. 8d-f. 2. Robust structures. Embedding gold nanostructures into dielectric, ultra-flat silicon dioxide films (chemical patterning; Fig. 3 ) yields very robust sensing platforms. Such substrates were used by Vogel et al. to demonstrate the re-usability of a sensor based on localized surface plasmon resonances. 15 The plasmon resonances of gold nanotriangles firmly embedded into the silicon dioxide matrix by a combination of colloidal lithography and the template-stripping procedure were used to monitor the deposition of polyelectrolyte multilayers with a sensitivity comparable to conventional nanoparticle arrays prepared by colloidal lithography. 81 Subsequently, the polyelectrolyte covered sensor surface was mechanically cleaned by wiping with a tissue soaked in ethanol without inducing damage to the surface-embedded nanoparticles. Thus, the sensing platform could be re-used multiple times without loss of signal intensity or sensitivity (Fig. 9a-d) . 15 3. Extraordinary transmission. The production of freestanding, three dimensional metallic thin films with both convex and concave features was recently demonstrated by Lindquist et al. who combined focused ion beam induced milling and matter deposition to produce silicon wafer templates that were patterned above-and below their surface, yielding surface structures simultaneously consisting of bumps and apertures on the template-stripped substrate.
62 Furthermore, using micromanipulation techniques, the deposited metal films were cleaved in situ from the template wafer, thus giving rise to metal films with patterns on both sides (Fig. 5k and l) . Such substrates are of high interest for plasmonic applications as gratings can be incorporated on both sides of the metal film with perfect alignment. This allows for simultaneous in-coupling and out-coupling of optical energy and can be used e.g. to support extraordinary transmission of light through optical thick metal film with nanoscale apertures. Fig. 10 exemplarily shows a bull's eye structure with a nanoscale aperture surrounded by concentric gratings. Due to the preparation process, the patterns are replicated on the other side of the device as well, allowing for effective coupling of light into the metal film. As a consequence, the transmission of light through the aperture is boosted compared to a single aperture without the grating structure (Fig. 10b) . 62 4. Precision hotspot engineering. The lack of topography of template-stripped gold films eliminates losses of light by scattering at undefined hotspots of individual grains. Therefore, the propagation length of surface plasmons is increased by a factor of 5-7 when compared to conventional, evaporated gold films. The plasmon propagation wavelengths measured were close to the theoretical limit of purely ohmic losses by electron scattering in the metal.
16
The extraordinary smoothness of metal nanostructures engineered by template-stripping processes was used by Lindquist et al. to demonstrate three dimensional focusing of light in extremely small volumes using silver nanopyramids with asymmetrical gratings. 61 The structures were prepared by anisotropic etching of the silicon wafer template to produce inverted pyramids. These were further processed by a focused ion beam to include nanoscale gratings at the faces of the pyramid (Fig. 11a and b) . The overlay in Fig. 11a sketches the principle of light focusing. Incident light is converted into surface plasmons that travel up the sides of the pyramids and converge at the tip. Due to the asymmetric nature of the patterning, plasmons arriving from opposite faces of the pyramid interfere constructively, giving rise to strong field confinement and enhancement. Scanning confocal Raman imaging was used to experimentally assess the focusing. Fig. 11c and d show top-and side view Raman intensity distributions of benzenethiol-covered pyramids. A single hot spot at the pyramid tip was observed in all dimensions, thus hinting at a strongly confined electric field at the tip. Without the grating structure at the faces of the pyramids, no focusing was observed (Fig. 11e) . The artificial introduction of nanoscale roughness by thermal evaporation of a 100 nm silver film on top of the patterned pyramid interfered with the focusing effect (Fig. 11f) , thus further underlining the importance of high quality nanostructures with extremely low roughness for next generation plasmonic devices. 
Conclusions
As miniaturization in technology continues and modern devices increasingly rely on the assembly of single molecules or monolayers thereof, surface roughness of substrates is becoming a key issue for reliable device performances. In general, the surface roughness of a substrate needs to be in the same dimension or lower as the objects to be investigated or exploited. Especially metal thin films, conventionally deposited by thermal evaporation are at risk of failing this criterion as the individual grains of the film substantially contribute to surface roughness. As a consequence, self-assembly processes of individual molecules, such as highly insulating membranes, can be compromised. Furthermore, in optical applications, undefined hotspots, formed by scattering of surface plasmons at individual grains and surface roughness features can interfere with device performances.
The template-stripping process transfers the low surface roughness of certain naturally occurring flat surfaces to a metal film, yielding a metal substrate with a surface roughness in angstrom dimensions. This article reviewed different extensions of the classical template-stripping process with respect to available templates, substrate materials to be used as well as bonding and mechanical support in an attempt to provide a versatile toolbox.
More recently, template-stripping processes for patterned substrates were reported and both the generation of material contrast in the substrate plane without any topography as well as the generation of artificial, ultrasmooth topographies by prepatterning of a silicon wafer template became available, thus drastically expanding the range of applications of such high quality substrates.
These developments have led to an increased use of the template-stripping procedure for state-of-the-art devices in a variety of research fields; predominantly the accurate determination of surface forces, the assembly of membranes with high sealing properties as well as plasmonic applications that exploit the high quality, low loss properties of ultrasmooth metal films.
We expect to see an expansion in the use of template stripped substrates both for fundamental studies of surface bound processes as well as for sophisticated applications requiring precision-engineered substrates.
